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ABSTRACT
This study provides a comparative assessment of greenhouse gas (GHG) emissions when converting a reclaimed minesoil that was previously
under meadow to miscanthus (Miscanthus × giganteus) and maize (Zea mays L.) land uses in Ohio, USA. Additionally, effluent from an
anaerobic digester at rates of 0, 75, 150, and 225 kg N ha1 rates was also assessed for C and nutrient fertilization. Results from the study
show that land use conversion to maize had the highest net release of GHG equivalent of 6·6 Mg CO2equ ha
1 y1, on average, across effluent
application rates. Under miscanthus land use with no and high effluent application rates, net GHG equivalent on average was 4·3 Mg CO2equ-
ha1 y1, which was larger when compared with that under the meadow land use (1·6 Mg CO2equ ha
1 y1). Miscanthus land use under
medium rates of effluent application had similar net GHG equivalent (7·1 Mg CO2equ ha
1 y1) to the maize land use. The application of
effluent did increase CO2–C and N2O–N emissions; but increases in above-ground–below-ground biomass production (1·6 Mg C ha
1) in
the meadow land use and C input from effluent retained in the soil in the miscanthus and maize land uses offset most of the effluent-
induced GHG equivalent emissions. Contribution of cumulative N2O–N to GHG equivalent emissions in general was 11% when no effluent
was applied and 22% when effluent was applied across land uses. Findings from this study show that land use changes from antecedent
meadow to maize and miscanthus during the first year of establishment would result in net increase of GHG emissions. Published 2017. This
article is a U.S. Government work and is in the public domain in the USA
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INTRODUCTION
The production of biofuels from renewable resources, such
as plant biomass, is considered a sustainable alternative to
fossil fuels, which may also reduce the USA’s reliance on
imported oils. Under the Energy Independence and Security
Act of 2007 (EISA, 2001), the USA required gasoline and
diesel refineries to use at least 80 GL y1 of ethanol from
non-grain sources by the year 2022. In order to meet this
increasing demand of feedstocks for biofuel production,
agriculture will require greater land and water resources
(Fargione et al., 2010). However, current stover from maize
(Zea mays L.) production alone is not able to support the
increasing bioenergy feedstock demand without jeopardiz-
ing food security and soil quality (Pimentel & Patzek,
2008; Blanco-Canqui, 2010). These concerns of bioenergy
crops competing with food production for limited land and
water resources can be eased by using high-quality lands
for food and feed production, and growing bioenergy crops
with low inputs and drought tolerance on marginal lands
(Vadas et al., 2008; Wicke et al., 2001; Qin et al., 2012).
Additionally, the use of second generation biofuels (derived
from cellulosic ethanol) may also reduce greenhouse gas
(GHG) emissions and provide greater net positive energy
balances compared with fossil fuels and first-generation
biofuels (grain ethanol), although the extent of reduction is
disputed and dependent on crop and production technology
(Pimentel, 2003; Cherubini et al., 2009; Davis et al., 2009).
In terms of GHG mitigation, many studies have shown
that biofuel feedstock production under perennial C4 grasses
such as miscanthus (Miscanthus × giganteus) and switch-
grass (Panicum virgatum L.) has a much larger CO2 sink
potential and lower GHG emissions when compared with
annual crops and C3 grass systems in the USA (Qin et al.,
2015). This is in large part due to miscanthus and switch-
grass, both having a much larger soil organic carbon
(SOC) sequestration potential via CO2 capture by photosyn-
thesis and storage of C in the soil (Shrestha et al., 2009; Don
et al., 2012; Guzman & Lal, 2014). Reported estimates of
net GHG equivalent emissions under miscanthus land use
range from 5 to 0·3 Mg CO2equ ha1 y1 (Cherubini et al.,
2009; Davis et al., 2010; Bonin & Lal, 2012) and 0·5 to
11 Mg CO2equ ha
1 y1 in maize land use systems (Adler
et al., 2007; Bonin & Lal, 2012; Guzman et al., 2015). How-
ever, these estimates of net GHG equivalents emissions are
based on 3- to 20-year field measurements and modeling
studies performed in fertile land only and do not take into
account land use changes or debts that occur during the first
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year of establishment, which could take many years to pay
off (Gelfand et al., 2011; Bonin & Lal, 2012).
While marginal lands (managed land with low soil
fertility and or other environmental/pedologic restrictions,
e.g., waterlogged, droughts, salinity, and topography) are
not widely suitable for conventional agriculture (i.e., grain
production), there is great potential to obtain production in
these lands for a greater economic impact under production
of perennial bioenergy crops (Pimentel et al., 2010).
Perennial grasses, which have low maintenance and nutrient
requirements, yet produce high biomass yields such as
miscanthus, switchgrass, and some prairie grasses, have
been suggested as having the highest potential for bioenergy
production on marginal lands (Guzman et al., 2014;
Skousen et al., 2014). However, biomass productivity on
marginal lands varies drastically owing to specific interac-
tions between soils and climate conditions and management
practices, which must be evaluated on a regional basis
(Guzman & Lal, 2014).
In the Appalachian region, surface mining for coal and
other minerals has created over 1 Mha of degraded land
(Guzman & Lal, 2014). Much of these degraded lands have
gone through reclamation practices in accordance with the
Surface Mining Control and Reclamation Act of 1977,
which required grading to the original contour, top soil
replacement, and re-establishment of vegetation to
form minesoils (Sencindiver et al., 2000). Subsequently,
these anthropogenic young soils often have physical (i.e.,
compacted, lack of soil aggregation, and high coarse
fragments), chemical (i.e., acidic and lack of nutrients),
and biological (i.e., low microbial activity and low soil
organic matter) constraints that need to be addressed before
converting into bioenergy crop production (Ussiri & Lal,
2015). Many studies have also linked the rapid degradation
of soil physical properties and decline in soil fertility to
losses in SOC (Ussiri et al., 2006; Shrestha et al., 2009).
Hence, C fertilization via applications of organic amend-
ments such as biosolids (i.e., animal manure and effluent
from organic waste) has been a proven management practice
that promotes microorganism activity and increases the
turnover of plant nutrients and organic matter important to
maintaining and improving soil physical and chemical prop-
erties (Haering et al., 2000).
Therefore, the objectives of the present study were to
measure annual GHG (CO2, N2O, and CH4) emissions
and the principal controls (i.e., soil temperature and mois-
ture) on a reclaimed minesoil under antecedent meadow
and land use changes to miscanthus and maize production.
Studies have shown that land use changes from meadow
to miscanthus and maize production can result in net
GHG emissions, owing to depletion of SOC (via CO2 from
microbial respiration) and lower atmospheric CO2
sequestration because of decline in biomass production
during the first year of establishment (Guzman & Lal,
2014; Ussiri & Lal, 2015). In order to aid in offsetting some
of this expected net GHG emissions due to land use
changes, effluent was added from a nearby methane
anaerobic digester, which uses primarily sewage sludge
and food wastes as their primary C substrate. As long as
these land use changes from meadow to miscanthus and
maize production minimize C debt, and sequester more
atmospheric CO2 than the antecedent meadow land use
would have stored, production of bioenergy crops on
marginal lands might prove to be a substantial mitigation
strategy for GHG emissions.
MATERIALS AND METHODS
Study Description and Experimental Design
The reclaimed minesoil site was located near Zanesville,
Ohio (39°85086″N, 82°11021″W). The site was mined for
coal and lime until 1986, when the reclamation process
began and was graded to the approximate original contour,
and the original topsoil was applied over the graded area.
The topsoil depth ranged from 10 to 30 cm after reclamation.
The reclaimed minesoil site was seeded using a mixture of
several cool-season grass and legume species. Records of ex-
act seedling mixtures and rates of soil amendments applied
are not available. However, by 1989, the predominant grass
was Kentucky tall fescue (Festuca arundinacea Schreb),
and birdsfoot trefoil legume (Lotus corniculatus L.). The
minesoil was classified as Morristown (loamy-skeletal,
mixed, active, calcareous, and mesic Typic Udorthents).
The top 20 cm has a soil texture of silt clay loam, having
10% to 28% sand, 15% to 35% clay, and 20% by volume
gravel, and is moderately alkaline. The overburden from
20- to >40-cm deep has a soil texture of silt clay loam,
having 15% to 33% sand, 10% to 35% clay, and 40% by vol-
ume gravel, and is highly alkaline. Average annual precipita-
tion for the study site is 960 mm, mostly occurring during the
growing season between May and September. The average
annual temperature is 11 °C, and the number of frost-free
days ranges from 160 to 180. In 2013, approximately
322 mm of rainfall occurred during the months of June and
July, much higher than the average of 199 mm, causing
prolonged water-logged soil conditions, which adversely
affected plant growth.
The study was established in May 2013, in a randomized,
complete-block design with split arrangement and three
replications. Blocks were arranged to take into account
topography and topsoil depth variability at the site. The
main plot treatment was land use, which was miscanthus,
maize, and the previously established meadow with cool-
season grass and legume species. Plots were then split into
three nitrogen (N) application rates of 0, 75, and
150 kg N ha1 for miscanthus and meadow plots. In the
maize plots, higher N rates than those of the meadow and
miscanthus land uses are recommended; thus, rates of 0,
150, and 225 kg N ha1 were used. The source of N was
liquid effluent (<15% biosolids), which was surface applied,
from an anaerobic digester, which produces CH4 from
primarily sewage sludge and food waste. During the estab-
lishment year of miscanthus and maize, herbicide was
applied to eliminate grass and legume growth, followed by
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repeated disk plowing (10–20 cm) for seedbed preparation.
Miscanthus was planted in mid-July at a density of 40,000
rhizomes per hectare. Maize plots were tilled and planted
at a seeding rate of 79,000 seeds ha1. Planting was
completed in mid-July owing to difficulties in removal of
previous vegetation and wet soil conditions. Plot dimensions
were 9 × 9 m, in order to use typical machinery used in
planting, tilling, and application of amendments during
establishment of miscanthus and planting of maize.
Measurements were conducted during the first year of land
use changes only.
Greenhouse Gas Emissions, Soil Temperature, and Water
Content Measurements
During the growing season from April to November in
2013, CO2–C emission measurements were taken every 6
to 14 days using a portable infrared CO2–C gas analyzer
(LI-COR 8100, LI-COR, Lincoln, NE) with a soil
respiration chamber in each plot. During CO2–C emission
measurements, soil moisture (Field Scout Time Domain
Reflectometry 100, Spectrum Technologies, Inc., Aurora,
IL) at 6-cm soil depth and temperature (thermometer
attached to LI-COR 8100) at 10-cm soil depth were also
measured. Measurements were taken between 0900 and
1200 h to approximate the 24-h mean soil surface CO2–C
emission. Soil surface CO2–C measurements were
conducted by placing a soil respiration chamber over a
20·3-cm diameter polyvinyl chloride (PVC) ring placed into
the ground for the entire year at 3-cm soil depth and leaving
~2 cm of the ring above the soil surface. In the miscanthus
and maize plots, two PVC rings were placed in each plot,
one within and the other in between plant rows. The mean
of the two rings was considered to be the soil surface
CO2–C emission for the entire plot. During the non-growing
season, biweekly or monthly readings were taken because of
lower GHG emissions due to lower soil temperatures. To
quantify the percentage of microbial respiration (Rr)
contribution to soil surface CO2 emissions, a clipping and
root exclusion experiment was conducted as previously
performed by other studies (Guzman et al., 2015). Briefly,
CO2–C emissions were also taken from adjacent clipped
plants, and from between rows where metal rings were
installed as a physical barrier at 25-cm soil depth for each
plot. Root respiration was estimated from differences
between clipped and un-clipped, metal ring, and no metal
CO2–C emissions.
Measurements of soil surface N2O–N and CH4–C
emissions were made using the static chamber technique.
The chambers, made of PVC pipe, consisted of two parts:
bottom base comprising of 25-cm-high and 15-cm-diameter
chambers and a lid with a gas sampling port (Ussiri et al.,
2009). The chambers were inserted 5 cm into the ground
and remained in place during the entire monitoring period
except for a temporary removal when mechanized farm
operations were performed. During air sample collection, a
chamber lid was used to close the chamber. Air samples
from the chamber headspace were collected with a syringe
(20 mL) at 0, 20, and 40 min and transferred to crimp-sealed
pre-evacuated (<0·05 kPa) 10-mL vials fitted with butyl
rubber septa (Wheaton, Millville, NJ). Air samples were
collected biweekly during the growing season (April to
November) and at 4-week intervals during the off season.
Air samples were collected between 0900 and 1200 hours
and were analyzed for CH4–C and N2O–N concentrations
using a gas chromatograph (Shimadzu GC 14A, Kyoto,
Japan) equipped with thermal conductivity, flame
ionization, and electron capture detectors. Emissions were
calculated following the procedure described by Ussiri
et al. (2009). In order to equally compare global warming
potentials across the three GHG, these gases were converted
to CO2–C equivalent (CO2equ) ha
1 y1, where CO2–C,
N2O–N, and CH4–C were multiplied by Intergovernmental
Panel on Climate Change factors of 1, 265, and 28, respec-
tively (Mach et al., 2013).
Greenhouse Gas Balances
To identify differences in land use and examine the effect of
effluent application rates on cumulative GHG emissions,
GHG equivalent (CO2equ, positive values indicate source
of GHG equivalents and negative value indicates sink) were
calculated to estimate overall balance between the net
exchange of CO2–C, N2O–N, and CH4–C. Calculations of
CO2equ were performed following the methodology of
previous GHG budget studies based on C inputs from
above-ground and below-ground biomass, agronomic
inputs, and GHG emissions (Robertson et al., 2000; Mosier
et al., 2006; Guzman et al., 2015). The impact of CO2–C
emissions from management inputs such as fuel usage for
tillage, seed bed preparation, planting, herbicide applica-
tions, harvesting, residue removal, and the use of CO2–C
producing inputs such as the manufacturing of the effluent
from anaerobic digesters was evaluated. As units of these
different inputs vary (i.e., liter, ounce, and megajoules),
conversion factors were used to express in CO2–C into
equivalent (CO2equ) for comparisons between inputs and
outputs (Lal, 2004).
Statistical Analyses
Data for GHG emissions, soil temperature, and soil moisture
were analyzed using the repeated-measures procedure in the
Proc Mixed model of SAS Institute (2014). A compound
symmetry covariance structure was used for repeated
measures. Land use, effluent application rate, and their
interactions were considered fixed effects, while block and
interactions with block were considered random effects
and date of measurement as the repeated-measures variable.
Mean soil surface GHG emissions between and within plant
rows were used in the statistical analysis. Mean separation
was determined by the PDIFF (SAS Institute, 2014)
procedure, and significance was declared at p ≤ 0·10, unless
otherwise stated. The linear least squares fitting technique
was used to assess the impact of soil temperature, soil
moisture, and days after planting on soil surface GHG
emissions by multiple linear regression analysis in SAS.
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RESULTS AND DISCUSSION
Soil Temperature and Moisture Content
Soil temperature at 10-cm depth was significantly affected by
land use changes (Figure 1). After disking in early June [day
of year (DOY) 152], soil surface temperature in the
miscanthus and maize land use systems were on average 3·1
and 2·4 °C higher, respectively, when compared with that in
the un-tilled meadow land use during the active growing sea-
son [June (152) through October (304)]. These differences in
soil surface temperature between land uses were likely due to
the alteration in soil surface cover. For instance, the meadow
land use had accumulated litter fall and grass cover for the
entire year, while under miscanthus and maize land uses, soil
surface cover was mostly bare after tillage and remained so
until vegetation growth provided cover from solar radiation
in mid to late July (DOY 194 to 212). However, miscanthus
vegetation growth was much lower compared with that of
maize (from leaf area index measurements, data not shown).
Additionally, soil surface temperature drastically increased
beginning in June (DOY 152) and peaked in mid-August
(DOY 225) under miscanthus and maize land uses, ranging
from 22·6 to 28·0 °C. However, under meadow land use, soil
temperatures were much more regulated from June (DOY
152) to September (DOY 273), ranging from 21·9 to 23·2 °C.
Soil surface moisture content (top 6 cm) fluctuated owing
to rainfall events and varied among land use changes
(Figure 1). Prior to land use changes in early spring, soil con-
ditions were too wet for use of heavy machinery, owing to
pre-existing compaction caused during re-establishment of
vegetation of the minesoil (Sobek et al., 2000), and heavy
snowfall during the previous winter. Consequently, herbicide
applications and repeated tillage to terminate vegetation
growth from previous meadow land use was not completed
until early June (DOY 152). Soon after, soil conditions
remained unsuitable for planting of miscanthus andmaize un-
til mid-July, owing to frequent rainfall events throughout the
month of June, which increased the susceptibility for further
soil compaction in the recently tilled land. In general, average
soil surface moisture content during the active growing sea-
son [June (DOY 152) through October (DOY 304)] was the
highest in the meadow land use (29·9 cm3 cm3), followed
by miscanthus (28·0 cm3 cm3) and maize (26·2 cm3 cm3)
land uses. Differences in soil surface moisture content were
due to soil surface cover effects on soil evaporation and plant
water uptake during the growing season (Sainju et al., 2012).
Effects of Land Use Change on Temporal and Cumulative
Heterotrophic Respiration (Rh)
Temporal variation in Rh was largely affected by soil
temperature and moisture as related to land use and effluent
application (Figure 2). As reported from several past studies
in reclaimed minesoils, Rh coincided strongly with fluctua-
tions in soil temperature (r = 0·70), as long as there were
no soil moisture stresses (Rochette et al., 1999; Jacinthe &
Lal, 2006). Additionally, increases in Rh were also observed
after soil disturbance events and application of effluent
(Figure 2). The largest soil disturbance impact occurred in
early June (on DOY 157 and 164), when tillage was
performed for seedbed preparation for miscanthus and maize
land uses. Tillage resulted in an initial increase of Rh com-
pared with the meadow land use, although a week later,
Rh’s in miscanthus and maize land uses were both signifi-
cantly lower compared with those in the meadow land use
and remained so until late August (Figure 2; DOY 243).
The initial increase of Rh was due to increased oxidation of
soil organic matter and new C substrate availability from
above-ground and below-ground plant residue by tillage
(Al-Kaisi & Yin, 2005). Although Rh increased shortly after
tillage, in the long-term, it resulted in reduced C substrate
for heterotrophic microorganisms from the loss of interac-
tions with the root-rhizosphere, which was much higher in
meadow land use when compared with that in miscanthus
and maize land uses during the first year of establishment
(Frank et al., 2006). Other studies with similar land use
changes have also reported lower Rh during the establishment
years of miscanthus compared with already established pe-
rennial grass systems, with Rh rates during the active growing
season ranging from 20 to 65 kg CO2–C ha
1 day1 in both
land use systems (Shrestha et al., 2009; Anderson-Teixeira
et al., 2013). When no effluent was applied, cumulative Rh
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was higher in themeadow land use (8·2MgCO2–Cha
1 y1),
compared with that in miscanthus (6·9 Mg CO2–C ha
1 y1)
and maize (7·2 Mg CO2–C ha
1 y1) land uses, which was
not statistically different (Figure 3).
Effects of Effluent on Temporal and Cumulative
Heterotrophic Respiration (Rh)
Increases in Rh were also observed after application of efflu-
ent, although respiratory response varied with land use and
effluent application rate (Figure 2). Three days after effluent
application (DOY 202) in the meadow land use, Rh increased
by a factor of 2·1 and 2·6 times in the medium and high rate
applications, respectively, compared with that when no
effluent was applied (53·8 kg CO2–C ha
1 day1). After this
initial flush of CO2–C emission, Rh remained higher in the ef-
fluent applied meadow land use compared with that when no
effluent was applied within the same land use until late Sep-
tember (DOY 270). Increases in Rh were also observed in
the miscanthus and maize land uses, 11 days after effluent ap-
plication (DOY 210), although to a lesser extent compared
with those in the meadow land use. However, contribution
of CO2–C from effluent was much smaller compared with an-
nual contribution of Rh derived from the soil, resulting in no
significant differences in cumulative Rh between medium
and high rates of effluent application, within each land use
(Figure 3). As a result, when averaged across medium and
high effluent rates by land use, the highest cumulative Rh oc-
curred in the meadow land use (9·5 Mg CO2–C ha
1 y1),
followed bymaize (8·4MgCO2–C ha
1 y1) andmiscanthus
(7·8 Mg CO2–C ha
1 y1) land uses.
By subtracting Rh of the control plots (no effluent was ap-
plied) from Rh on which effluent was applied, we estimated
effluent-induced CO2–C emission by land use (Figure 4). Ad-
ditionally, cumulative effluent-induced CO2–C emission was
calculated by linearly interpolating Rh between dates shortly
after effluent application (DOY 202) until there were no sig-
nificant differences in Rh between effluent and non-effluent
applied plots (DOY 270). Prior to soil temperatures falling
below 20 °C across land uses (Figure 1), there was a rapid
peak of CO2–C effluent-induced emissions, followed by a
linear response of CO2–C effluent-induced emissions with
the amount of C input from effluent application (Figure 4),
suggesting that only differences in the size of
microorganism populations and not C substrate, temperature,
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and moisture content was the determining factor for differ-
ences between land uses. This trend is supported by soil
microbial biomass C measurements that were carried out,
which can be used as an indicator for microbial population
size, which indicated significant reductions of microbial bio-
mass C in both the miscanthus (by 27%) and maize (by 20%)
land uses compared with that in the meadow (373 μg C g1
soil; figure not shown). During the initial 68 days after efflu-
ent application, 85% to 100% of the C input from medium
(1·2 Mg C) and high (2·4 Mg C) application rates of effluent
were lost as CO2–C emission in the meadow land use. The
majority of the effluent-induced C loss occurred during the
first 3 days after application in the meadow land use. How-
ever, effluent-induced CO2–C emission during the 68 day
duration under miscanthus land use ranged from 52% to
68% of the C input from medium (1·2 Mg C) and high
(2·4 Mg C) application rates of effluent. Effluent-induced
CO2–C emission under maize land use ranged from 40% to
57% of the C input from medium (2·4 Mg C) and high
(3·6 Mg C) application rates of effluent. Other studies have
reported similar CO2–C induced values ranging from 48%
to 105% of the C input from liquid (less than 15% solids)
anaerobic biosolids under a similar time frame (Bernal &
Kirchmann, 1992; Kirchmann & Lundvall, 1993; Rochette
& Angers, 2000).
Temporal and Cumulative Root + Rhizosphere Respiration
(Rr)
When effluent was applied, variances in temporal Rr were
largely due to seasonal soil temperature and moisture
content trends across all land uses, in addition to days after
planting for miscanthus and maize land uses (Table I). The
parameter days after planting was incorporated in the model
as a proxy for root growth during the active growing season.
When no effluent was applied, however, the measured
abiotic factors (soil moisture and temperature) in this study
were not significant predictors for Rr, suggesting that other
factors such as N availability for plant uptake were the main
drivers for Rr, as was also suggested in other studies that
measured Rr in N-limiting soil conditions (Hansen, 1980).
Future models should incorporate substrate-limiting factors
such as nutrient availability (i.e., NO3
), C substrate from
photosynthesis (i.e., photosynthetic active radiation), and
root growth over time (i.e., root biomass) parameters to
improve estimates of Rr contribution to soil surface CO2–C
emissions (Kuzyakov & Gavrichkova, 2010).
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Figure 4. Cumulative effluent-induced microbial respiration by land use
and effluent application rate on carbon basis (1200, 2400, and
3600 kg C ha1). Error bars indicate standard error within each day of year.
Table I. Linear regression models for predicting soil surface microbial and root respiration emissions (CO2–C kg ha
1 day1) during the
growing season as affected by land use and effluent application rate
Land use Effluent rate (kg N ha1) Regression model R2 F(p > F)
Microbial respiration
Meadow 0 10·84 + 2·61T + 0·14W 0·48 <0·0001
75 53·93 + 3·82T + 1·31W 0·54 <0·0001
150 38·61 + 4·27T + 0·48W 0·57 <0·0001
Miscanthus 0 3·60 + 1·61T + 0·01W 0·29 0·0009
75 16·37 + 2·42T + 0·07W 0·45 <0·0001
150 5·71 + 2·63T  0·50W 0·42 <0·0001
Maize 0 1·08 + 0·36T + 0·98W 0·35 <0·0001
150 10·25 + 2·46T  0·18W 0·63 <0·0001
225 34·47 + 2·79T + 0·72W 0·58 <0·0001
Root respiration
Meadow 0 16·83 + 0·01DAP + 1·36T + 0·21W 0·13 0·1421
75 43·97 + 0·22DAP + 3·42T  0·73W 0·49 <0·0001
150 37·86 + 0·04DAP + 2·36T + 1·99W 0·24 0·0015
Miscanthus 0 11·28  0·01DAP  0·45T  0·11W 0·05 0·5476
75 17·72 + 0·13DAP + 0·42T + 0·23W 0·26 0·0006
150 20·87 + 0·16DAP + 0·52T + 0·26W 0·29 0·0009
Maize 0 17·18  0·05DAP  0·08T  0·18W 0·03 0·7178
150 23·88 + 0·22DAP + 1·32T  0·27W 0·33 <0·0001
225 21·20 + 0.·24DAP + 1·39T  0·45W 0·49 <0·0001
Parameters included in the model were soil surface temperature (T) in °C, soil moisture content (W) in cm3 cm3, and days after planting (DAP).
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In general, cumulative Rr contribution to soil surface
CO2–C emissions varied by land use, but not by effluent
application rate (data not shown), with the exception of the
meadow land use, where increases in Rr with application
of effluent were observed owing to increases in root biomass
with effluent application. When averaged across effluent
application rates, Rr contribution to cumulative soil surface
CO2–C emissions was 37%, 27%, and 13% under meadow,
maize, and miscanthus land uses, respectively. Despite
having similar total root biomass to the meadow land use,
the miscanthus land use had the lowest cumulative Rr
contribution to soil surface CO2–C emissions. This trend
was likely due to Rr being derived primarily from the fine
root fraction and not the coarse or rhizome fractions
(Tufekcioglu et al., 1998), in which case the fine root
fraction was the lowest under miscanthus land use (root
fractionations data not shown). Cumulative Rr contribution
to soil surface CO2–C emissions from this study was compa-
rable with that of other studies, which ranged from 10% to
40% in maize land use, and 25% to 45% in studies
conducted in temperate perennial grassland systems
(Rochette et al., 1999; Raich & Mora, 2005).
Temporal and Cumulative Nitrous Oxide Emissions
Differences between land use and effluent application rate
with respect to soil surface N2O–N emissions were observed
during the first year of establishment of bioenergy crops
(Figure 5). In general, N2O–N emissions significantly
differed among land uses during the largest peak of
emissions, which occurred days after the application of
effluent. Even when no effluent was applied, a large peak
of N2O–N emissions was observed after the first rainfall
event following the completion of tillage for seedbed prepa-
ration in miscanthus and maize land uses (Figure 5). Peak
N2O–N emissions following N application are primarily
due to nitrification processes (Mosier et al., 2002). Further-
more, most of the N2O–N emission induced by application
of N fertilizer occurs within the period of 15 to 40 days,
which was also the case for this study (Bremner, 1997). In
this and other studies, considerably smaller N2O–N
emission peaks have been shown to coincide with thawing
of the soil and significant rainfall events (Dietzel et al.,
2011). Intra-seasonal differences between land uses and
management practices can be largely explained by differ-
ences in soil temperature and moisture content conditions
in addition to mineral N content in the soil (not measured),
which generally have a positive effect on N2O–N emissions
(Parsons et al., 1991). In this study, there was a strong
relationship between soil surface N2O–N emissions with soil
temperature and soil moisture content in the maize land use,
but to a lesser extent in the miscanthus land use (Table II). In
general, as soil moisture and temperature increased, so did
N2O–N emissions in the maize and miscanthus land uses.
However, in the meadow land use, there was no significant
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Figure 5. Soil surface N2O–N emissions during the growing season by land use and effluent application rate. E indicates when effluent was applied.
Table II. Linear regression models for predicting soil surface N2O–N emissions (N2O–N g ha
1 day1) during the growing season as
affected by land use and effluent application rate
Land use Effluent rate (kg N ha1) Regression model R2 F(p > F)
Meadow 0 30·64  0·08M + 1·89T 0·21 0·2132
75 53·83 + 0·45M + 2·02T 0·23 0·2338
150 22·12  1·17M + 1·75T 0·17 0·3708
Miscanthus 0 177·73 + 3·18M + 6·06T 0·20 0·3150
75 237·60 + 5·72M + 4·43T 0·39 0·1034
150 109·32  2·25M + 14·73T 0·07 0·6372
Maize 0 543·73 + 16·05M + 8·29T 0·45 0·0490
150 1114·48 + 31·19M + 15·05T 0·74 0·0011
225 398·93 + 10·80M + 6·98T 0·72 0·0008
Parameters included in the model were soil surface temperature (T) in °C and soil moisture content (W) in cm3 cm3.
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relationship between N2O–N emissions and soil temperature
and moisture content. This was likely due to lower
fluctuations in soil temperature and moisture content, as
well as lower mineral N content (at the end of growing
season; data not shown) when compared with that in
miscanthus and maize land use changes after mineralization
of previous organic matter from tillage and application of
effluent.
As expected, cumulative N2O–N emissions increased
with increase in rate of application of effluent, although it
varied by land use (Figure 6). Even when no effluent was
applied, cumulative N2O–N emissions increased on average
by 47% under the miscanthus and maize land uses, when
compared with those in the meadow land use
(0·4 kg N2O–N ha
1 y1). This trend was likely due to
increased mineralization processes of soil organic matter
during land use changes from meadow to the bioenergy crop
production systems (Figure 5), resulting in higher mineral N
content in the soil. At application rates of 75 kg N ha1,
N2O–N emissions increased significantly under miscanthus
land use, but not so under the meadow land use when
compared with control without effluent. With increasing
effluent rates to 150 kg N ha1, N2O–N emissions were
the same across all land use systems, which on average
was 2·7 kg N ha1 y1. Further, increasing effluent rates
to 225 kg N ha1 resulted in significantly higher N2O–N
emissions under the maize land use system
(3·7 kg N ha1 y1). It is unclear why the highest N2O–N
emissions occurred under miscanthus at the medium effluent
application rate, and not at the higher application rates.
Probable reasons for this include lower plant uptake under
miscanthus during the first year of establishment compared
with that under the maize and meadow land uses
(Lewandowski & Schmidt, 2006; Dohleman et al., 2012),
the inherent variability of minesoils (Guzman & Lal,
2014), and the difficulty of applying consistent rates of
effluent. With the exception of the miscanthus land use with
medium rate of effluent, the fraction of applied N lost as
N2O–N across land use and effluent application rates was
on average 1·4%. This is within the range of estimates
(0·5% to 2%) reported from other studies performed for
evaluating applications of bio-solid on agricultural and
minesoils (Mosier et al., 1982; Rochette & Angers, 2000),
but lower when compared with that in the use of synthetic
fertilizers (2 to 8%) under similar conditions (Mosier et al.,
1982; Guzman et al., 2015).
Temporal and Cumulative Methane Emissions
Temporal CH4–C emissions were highly variable and
smaller when compared with CO2–C and N2O–N emissions,
resulting in no significant differences between land use and
effluent applications on CH4–C emissions throughout the
year in general (Figure 7). Daily CH4–C emissions ranged
from 201 to 261 g ha1 day1, indicating that these land
uses under varying effluent applications were both a sink
(negative value, uptake) and a source (positive value,
emission) of CH4–C. The source and production of CH4–C
in soils is the result of anaerobic degradation of organic
matter, primarily performed by Archaeal methanogens
(Nazaries et al., 2013). The uptake of CH4–C is primarily
achieved by Proteobacteria called methanotrophs, and the
majority of them are aerobic microorganisms (Nazaries
et al., 2013). Consequently, these methanotrophs play a
major role in attenuating soil surface CH4–C emissions
following the production of CH4–C under anaerobic soil
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conditions (Conrad, 2009). The largest net positive CH4–C
emissions occurred soon after the first rainfall event after
the effluent was applied and tillage was completed (DOY
202 to 224), coinciding with increased labile C available
and anaerobic soil conditions favoring methanogen
activities. The largest net negative CH4–C emissions
occurred during the growing season when soil moisture
content fell below 25 cm3 cm3, thus favoring
methanotrophic activities. Cumulative CH4–C emissions
were rather minor compared with CO2–C and N2O–N
emissions and did not significantly vary by land use or
effluent application rates, which ranged from 0·1 to
0·2 kg ha1 y1 (data not shown).
Greenhouse Gas Balances
In general, all land uses under varying effluent application
rates were on average net sources of GHG equivalent,
although they ranged from minor (1·0 CO2equ-
Mg ha1 y1) to major (7·1 CO2equ Mg ha
1 y1) sources
(Figure 8). Above-ground plus below-ground biomass C in-
put is shown in Figure 9. The highest C inputs from biomass
on average across effluent applications were observed in the
meadow land use (6·9 Mg C ha1), followed by miscanthus
land use (4·0 Mg C ha1), and is the least in the maize land
use (1·9 Mg C ha1). If above-ground biomass was to be
harvested under these land uses, the CO2equ values would
have been much greater. The harvesting of biomass is not
recommended until at least the third year of miscanthus
growth (Lewandowski et al., 2003), and maize biomass pro-
duction was low owing to waterlogged conditions at the
site, so neither shoot nor grain biomass was harvested. Un-
der better weather conditions, maize is expected to produce
higher biomass yields as observed in other studies (Garcia
et al., 1974). Future work is still needed in regions with dif-
ferent soil conditions and weather to determine lower and
upper ranges of bioenergy biomass production potential in
minesoils during the establishment year. The meadow land
use had the lowest CO2equ values, which on average across
effluent application rates was 1·6 CO2equ Mg ha
1 y1.
Under miscanthus land use with no and high effluent
application rates, CO2equ values (on average 4·3 CO2equ-
Mg ha1 y1) were larger than those under the meadow land
use but smaller than those under the maize land use across
effluent application rates. The highest CO2equ values oc-
curred under the maize land use, which on average across ef-
fluent application rates were 6·6 CO2equ Mg ha
1 y1, and
miscanthus land use with medium effluent application rate
at 7·1 CO2equ Mg ha
1 y1. It is expected that biomass pro-
duction under miscanthus land use will significantly increase
in the coming years, with many studies estimating C inputs
from 6 to 20 Mg C ha1 y1 once established on marginal
lands (Guzman & Lal, 2014). If miscanthus biomass yields
trend to the higher end of these estimates, this would offset
the first year’s C debt relatively quickly and result in a future
Me
ad
ow
-0 
kg 
N
Me
ad
ow
-75
 kg
 N
Me
ad
ow
-15
0 k
g N
Mi
sca
nth
us
-0 
kg 
N
Mi
sca
nth
us
-75
 kg
 N
Mi
sca
nth
us
-15
0 k
g N
Ma
ize
-
0 k
g N
Ma
ize
-15
0 k
g N
Ma
ize
-
22
5 k
g N
N
et
 G
lo
ba
l W
ar
m
in
g 
Po
te
nt
ia
l
-12
-10
-8
-6
-4
-2
0
2
4
6
8
10
12
14
16
Above biomass
Root biomass
Effluent
CO2
N2O
CH4
Land operations
+2.5cde
+1.0e
+1.2de
+3.9cd
+7.1a
+4.7bc
+6.9ab
+6.7ab
+6.5ab
(0.5)
(1.2)
(1.2)
(1.4)
(1.3)
(0.9)
(0.7)
(0.5)
(1.5)
(C
O 2
eq
 
M
g 
Ha
-
1  
yr
-
1 )
Figure 8. Net greenhouse gas equivalent by land use and effluent application rate. Positive values on top of bars indicate net source of GHG equivalents, while
negative values would indicate net sinks. Means with the same lowercase letter are not significantly different at p ≤ 0·10. Numbers in parenthesis indicate
standard error.
Meadow Miscanthus Maize
0
2
4
6
8
10
no effluent
effluent
b
a
c
c
d d
Figure 9. Above-ground plus below-ground biomass C input by land use
and effluent application. Means with the same lowercase letter are not sig-
nificantly different at p ≤ 0·10. Error bars indicate standard error.
GREENHOUSE GAS EMISSIONS IN MINESOIL
Published 2017. This article is a U.S. Government work and is in the public domain in the USA LAND DEGRADATION & DEVELOPMENT, (2017)
net sink for GHG emissions. However, under the maize land
use, C inputs from biomass production are expected to range
from 2 to 9 Mg C ha1 y1 on marginal lands (Guzman &
Lal, 2014), which potentially could result in a minor sink
or continue to being a substantial source of GHG emissions.
Land operations had a small impact on net GHG emissions
in this study compared with those in other studies that used
synthetic fertilizers. Estimates of CO2equ from manufacture
of synthetic fertilizers like ammonium nitrate range from
0·9 to 1·8 kg CO2equ kg
1 and likely would have resulted
in higher N2O–N emissions (Lal, 2004; Guzman et al.,
2015), compared with those of effluent application,
which was estimated at 0·05 kg CO2equ kg
1 (Møller et al.,
2009).
CONCLUSIONS
This study provides a comparative assessment of GHG
emissions and balances during the first year of converting
marginal land that was previously under meadow to
miscanthus and maize land uses with varying effluent (from
anaerobic digester) application rates. Our hypothesis that
these land use changes to bioenergy production during the
first year of establishment would result in net release of
GHG emissions was supported. Results from the study show
that the land use conversion to maize had the highest net re-
lease of GHG equivalent (CO2equ) 6·6 Mg CO2equ ha
1 y1,
on average across effluent application rates. Under
miscanthus land use with no and high effluent application
rates, net GHG equivalent emissions on average were
4·3 CO2equ Mg ha
1 y1, which were larger than those
under the meadow land use (on average of 1·6 CO2equ-
Mg ha1 y1) but smaller than those under the maize land
use under varying effluent application rates. However,
miscanthus land use under medium rates of effluent
application had similar net GHG equivalent emissions
(7·1 CO2equ Mg ha
1 y1) to the maize land use under
varying effluent application rates. The application of
effluent increased CO2–C and N2O–N emissions in general
but increased in biomass production in the meadow land
use; and C input from effluent retained in the soil in the
miscanthus and maize land uses resulted in minor sinks
or offset most of the effluent-induced GHG equivalent
emissions, respectively. Cumulative CH4–C emissions
were minor compared with CO2–C and N2O–N emissions
and did not significantly vary by land use or effluent
application rates, which ranged from 0·1 to 0·2 kg CH4–
C ha1 y1. Even though there was no increase of biomass
production from effluent application in the miscanthus and
maize land uses, the benefits of C additions in improving
soil physical chemical and biological properties must
also be assessed. Future work is still needed in regions
with different soil conditions and weather to determine
lower and upper ranges of bioenergy biomass production
potential in minesoils during the establishment year
as well as potential GHG emissions under different
management practices.
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